INTRODUCTION

TEST-RETEST VARIABILITY OF VEMP
Poor test-retest reliability is one reason for variability of VEMP. The intraclass correlation coefficients (ICCs) of cVEMP reported in the literature are excellent, ranging from 0.81 to 0.96 [3, 4] . However, this should be interpreted with caution because most of the reported excellent ICCs are based on the interpeak amplitude (IPA) of cVEMP. Similar to the maximum slow-phase velocity of caloric response, the unilateral IPA itself is not informative. The cVEMP IPA is informative only when the left/right difference is compared as an asymmetry ratio (AR). Clinically, the AR is more important than the IPA, but the ICC of AR has not been emphasized in the literature.
The ICC of AR is reported to be 0.61-0.67, which is only fair to good [3, 4] . In our experience, it can be as low as 0.48 under some recording conditions [4] . It seems that the IPA of each ear is reproducible, but the test-retest reliability of cVEMP becomes inadequate when the IPAs are compared between the two ears. The small variability of IPA is assumed to be amplified when recorded twice (left and right) and substituted into the functional equation for AR [AR=(right IPA-left IPA)/(right IPA＋left IPA)×100] [5] . The ICC of oVEMP AR has also been reported to be low, and to vary over a wide range of 0.50-0.84, with the ICC of oVEMP IPA being slightly better (0.79-0.87) [6] .
VARIABILITY OF cVEMP
One of the most important factors underlying the variability of cVEMP seems to be the control of, and compensation for, baseline muscle contraction power. As cVEMP is an inhibitory response of the contracting muscle, the amplitude of cVEMP shows a strong positive correlation with the baseline contraction power of the recorded muscle [7] . There are two approaches to solve this problem. First, we may perform normalization by allowing for differences between left and right baseline muscle contraction power during recording, but compensate for these differences after recording [8, 9] . Second, feedback involves monitoring and strictly controlling the baseline muscle contraction power during recording so that there is no difference in values between the left and right sides [5, 10] . Most of the evoked response systems provide normalization and/or feedback functionality. However, both strategies have a number of limitations. For normalization, both mean rectified electromyography (EMG) and root mean squared EMG power have been used to represent the baseline muscle contraction power. However, our experiments indicated that normalization does not offer a complete solution [9] . For example, the normalization algorithm Even if feedback is applied and normalization is performed, there may still be issues, such as muscle fatigue and/or learning effects (e.g., finding a more comfortable but different position/ technique during the second run to contract the muscle up to the same root-mean-square [RMS] power) [3, 10] . Using this technique, the 2 recordings being compared were made at 2 different time points, no matter what. Some groups have introduced bilateral simultaneous recording [11, 12] . It is generally accepted that cVEMP is an ipsilateral response with minimal crossover [13] . Accordingly, the response from each SCM muscle will represent the otolith function of each ear separately, even if the stimuli are presented, and responses are acquired, at the same time. Bilateral simultaneous recording is not only time-efficient (theoretically requiring half as much time) and less effortful from the subjects' perspective, but it can also provide better test-retest reliability [4] . We reported that the ICC of cVEMP AR was 0.48 with unilateral sequential recording, but this was improved to 0.69 by simply applying the bilateral simultaneous recording technique [4] .
Bilateral simultaneous cVEMP recording represents one solution to this baseline muscle contraction power problem, but it has other issues. The first issue is signal crossover of cVEMP. Some subjects show an additional excitatory reflex on the contralateral side of the SCM (n12-p20 signal) [14] .
Bilateral simultaneous recording requires cVEMP to be a strictly ipsilateral response with no crossover, and neural circuits with crossover to the contralateral side of the SCM will undermine the usefulness of bilateral simultaneous cVEMP.
Volume conduction of the cVEMP signal is the second major challenge. Many groups advocate that the cVEMP response should only be recorded on the ipsilateral side of the neck. In our experience, however, a smaller p13-n23 signal can also be recorded on the contralateral side of the neck in some subjects (Fig. 1) . As surface electrodes are usually used for cVEMP recording, strong myogenic electrical activity of the SCM muscle can spread throughout the skin and soft tissue. This electrical spread (volume conduction) can also be detected on the contralateral side. Considering the latency and amplitude of this contralateral signal, it is likely that the contralateral p13-n23 signal originates from the ipsilateral SCM muscle. Volume conduction may be more problematic in younger subjects with higher muscle power and thin skin/soft tissue.
PROPOSAL FOR BETTER cVEMP RECORDING
Taking the problems outlined above into consideration, this article proposes bilateral simultaneous alternating cVEMP recording with needle EMG electrodes as an avenue for future development (Fig. 2) . As mentioned above, unilateral sequential recording cannot guarantee completely identical bilateral baseline muscle contraction power. In addition, even with the best Fig. 2 . Concept of bilateral simultaneous alternating cervical vestibular evoked myogenic potential (cVEMP) recording. Unilateral sequential VEMP recording is the most commonly used method for averaging the myogenic response. Using this method, the baseline muscle contraction power may be different because one ear is recorded first, and the other later. Bilateral simultaneous VEMP recording is another method in which the recording time is reduced and the test-retest reliability can be improved. But, bilateral simultaneous recording is not free from the issues associated with contamination by contralateral stimulatory neural circuits and volume conduction. Bilateral simultaneous alternating VEMP recording is proposed as a novel alternative method. The baseline conditions/environment of muscle contraction will be identical between the left and right sides. Issues such as muscle fatigue or learning effects could be avoided. 
VARIABILITY OF oVEMP
The reasons for variability of oVEMP may be different from those for variability of cVEMP. As oVEMP is a stimulatory response [15] , it is not necessary to take baseline muscle contraction power into consideration. Instead, factors such as poor SNR, the angle of superior gaze, effective and controlled presentation of stimuli, intracranial pressure, and location of the electrode should be considered.
While the amplitude of cVEMP is large (100-200 V) that of oVEMP is quite small (2-5 V) [14, 16] . In addition, due to its small size, it is sometimes difficult to distinguish the signal from randomly fluctuating noise. A larger n10-p15 signal can be recorded by sustaining the gaze superiorly [16, 17] . However, sustaining the angle of gaze can be difficult in some cases and, even in a normal subject, the amplitude of n10-p15 can differ depending on the angle of gaze.
It is also known that a strong bone conduction stimulus can to an elastic head strap to achieve stable coupling with the skull (Fig. 3) . The strength/stability of coupling can be monitored by 2 methods. First, a pressure gauge can be embedded in the forehead module so that the elastic power of the head strap can be measured and controlled. This technique was proposed by our group to test the stability of the video head impulse test system during abrupt head movements [22] . 
COMBINING cVEMP AND oVEMP
One problem with both cVEMP and oVEMP is that it takes a long time to record the response. Therefore, reducing the testing time would markedly improve the system. One method is to achieve this is to record cVEMP and oVEMP simultaneously [23] . [25] and electrocochleography [26] , have been developed but end users have not adopted these new methods due to a lack of benefit over the original tests. VEMP seems to have a better chance, because there are no clinically available tests that can evaluate the function of the saccule and because there is firm evidence that VEMP is at least reliable for diagnosis of superior canal dehiscence syndrome [2] .
VEMP will probably survive the harsh validation process, but not in its current form. Further research and development is needed to make VEMP a more consistent and reliable test.
중심 단어: 전정, 전정유발근전위, 현훈
CONFLICT OF INTEREST
No potential conflict of interest relevant to this article was reported.
